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Two  types  of  carbon  source  and  precursor  mixing  pellets  were  employed  simultaneously  to  prepare  the 
LiFeP04/C  composite  materials:  Type  I  using  the  LiFeP04  precursor  with  20wt.%  polystyrene  (PS)  as  a 
primary  carbon  source,  and  Type  II  using  the  LiFeP04  precursor  with  50  wt.%  malonic  acid  as  a  secondary 
carbon  vapor  source.  During  final  sintering,  a  Type  I  pellet  was  placed  down-stream  and  Type  II  precursor 
pellet(s)  was(were)  placed  upstream  next  to  a  Type  I  precursor  pellet  in  a  quartz-tube  furnace.  The  carbon- 
coated  product  of  the  sintered  Type  I  precursor  pellet  was  obtained  by  using  both  PS  and  malonic  acid 
as  carbon  sources.  When  two  Type  II  pellets  were  used  as  a  carbon  vapor  source  (defined  as  Product-2), 
a  more  uniform  film  between  4  and  8  nm  was  formed,  as  shown  in  the  TEM  images.  In  the  absence  of 
a  secondary  carbon  source  (defined  as  Product-0),  the  discharge  capacity  of  Product-0  was  137  mAhg-1 
with  100  cycles  at  a  0.2C-rate,  but  Product-2  demonstrated  a  high  capacity  of  151  mAh  g-1  with  400  cycles. 
Our  results  indicate  that  electrochemical  properties  of  LiFeP04  are  correlated  to  the  amount  of  carbon  and 
its  coating  thickness  and  uniformity. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  olivine  structure  of  LiFeP04  was  first  reported  by  Dr.  Good- 
enough’s  group  in  1997  [1,2]  as  a  potential  cathode  material 
for  lithium-ion  batteries.  It  has  the  advantages  of  high  energy 
density  [3,4],  high  theoretic  capacity  of  170  mAh g-1  [5-7],  high 
charge/discharge  potential  (3.4V  versus  Li+/Li)  [3,8],  low  costs 
[9-12]  and  environmental  friendliness  [13-15],  and  shows  good 
cycle  stability  during  the  charge/discharge  process  [16-18].  In  par¬ 
ticular,  it  has  a  stable  three  dimensional  framework  due  to  strong 
P-0  covalent  bonds  in  (P04)3-  polyanion  preventing  the  P-0  bonds 
from  breaking  and  releasing  oxygen  at  high  states  of  charge  [19]. 
This  characteristic  provides  excellent  safety  and  stable  operation  of 
battery  even  under  unusual  conditions  [20],  and  high  temperatures 
[21]. 

The  main  disadvantages  of  LiFeP04  materials  are  poor  elec¬ 
tronic  conductivity  [22-25],  slow  lithium-ion  diffusion  [26-29], 
low  tap  density  [4]  and  poor  batch  reproducibility  [15].  In  order 
to  enhance  the  electronic  conductivity  and  electrochemical  proper¬ 
ties  of  LiFeP04  cathode  materials,  many  researchers  have  suggested 
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that  carbon  coating  [4-5,15-17]  and  metal  doping  can  be  used 
[23,30-34],  as  well  as  the  synthesis  of  nanoparticles  [1-3,10,35]. 
In  an  earlier  study,  Ravet  et  al.  [36]  reported  that  LiFeP04  had 
a  capacity  of  about  160  mAh  g-1  when  coated  with  about  1  wt.% 
carbon  and  cycled  at  a  lC-rate  at  80  °C.  They  added  sucrose  as  a 
carbon  source,  during  synthesis  thereby  obtaining  carbon-coated 
particles  directly,  which  indicates  that  increasing  the  conductivity 
can  improve  the  capacity  significantly.  Huang  et  al.  [5]  manufac¬ 
tured  an  LiFeP04/C  composite  by  mixing  raw  materials  with  a 
carbon  gel  before  heating.  In  this  composite,  LiFeP04  has  a  par¬ 
ticle  size  of  100-200  nm  and  contains  about  15  wt.%  carbon,  and 
first  demonstrated  that  LiFeP04  could  have  excellent  rate  capabil¬ 
ity.  Even  when  cycled  at  a  5C-rate,  it  demonstrated  a  capacity  of 
about  120  mAh  g-1 .  Huang  et  al.  believe  that  both  particle  size  min¬ 
imization  and  intimate  carbon  contact  are  needed  to  optimize  the 
rate  capability  of  this  material.  However,  these  approaches  suffer 
from  the  problems  of  complex  manufacturing  processes  and  firing 
at  high  temperatures  for  long  periods  in  order  to  obtain  a  single¬ 
phase,  olivine-type  LiFeP04.  Chen  and  Dahn  [4]  prepared  LiFeP04 
samples  containing  3.5  wt.%  coated-carbon  with  a  discharge  of 
160  mAh  g-1,  very  close  to  the  theoretical  capacity.  The  positive 
effects  of  coated-carbon  for  electrode  materials  were  also  suggested 
by  Cushing  and  Goodenough,  who  believed  that  it  could  not  only 
improve  the  electronic  conductivity  between  particles,  but  also 
provide  electronic  tunnel  to  complement  the  charge  equilibrium 
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during  Li  extraction/insertion  [37].  In  the  above  literature,  many 
researchers  attempted  coating  LiFeP04  particles  with  only  one  car¬ 
bon  source  by  incorporating  an  organic  or  polymeric  component 
with  the  precursors  before  firing. 

In  previous  work,  we  have  developed  various  methods  that 
involve  carbon  coating  [38-40]  and  metal  doping  [40].  In  our  carbon 
coating  process,  we  found  that  carbon  coating  thickness  and  struc¬ 
ture  play  important  roles  in  determining  the  capacity  of  LiFeP04 
cathode  materials.  Therefore,  in  this  paper,  we  investigated  the 
effect  of  carbon  coating  thickness  and  its  homogeneity  (uniformity) 
on  the  electrochemical  properties  of  LiFeP04/C  composite  materi¬ 
als  prepared  by  a  carbon  vapor  deposition  technique,  and  used  both 
polystyrene  and  malonic  acid  as  carbon  sources.  The  physical,  struc¬ 
tural,  and  Li-ion  diffusion  kinetics  of  LiFeP04/C  composites  were 
systematically  investigated. 


2.  Experimental 

The  LiFeP04  precursor  powders  were  prepared  by  the  solid  state 
reaction  method  using  Li2C03  (99%,  Aldrich),  FeC204-2H20  (98.5%, 
Aldrich),  and  NH4H2P04  (98.5%,  Showa)  as  the  starting  materials, 
which  were  weighed  in  stoichiometric  amounts,  then  mixed  and 
ground  in  a  planetary  ball-mill  with  a  rotation  speed  of  250  rpm 
for  3  h  in  acetone  under  an  argon  atmosphere.  The  mixture  was 
preheated  at  593  K  at  a  5Kmin-1  heating  rate  and  held  at  593  K 
for  10  h  under  Ar/H2  (v/v  95:5)  atmosphere,  in  order  to  obtain  gray 
LiFeP04  precursor  powders.  Before  final  sintering,  two  types  of  car¬ 
bon  source  and  precursor  mixing  pellets  were  prepared:  Type  I 
using  20  wt.%  polystyrene  (PS)  as  a  primary  carbon  source,  and  Type 
II  using  50  wt.%  malonic  acid  (98%,  Aldrich)  as  a  secondary  carbon 
source.  Both  carbon  source  and  precursor  mixing  pellets  were  pre¬ 
pared  by  ball-milling  a  mixture  of  LiFeP04  precursor  and  carbon 
sources  for  1  h,  and  pressing  it  into  pellets.  During  final  sintering,  a 
Type  I  precursor  pellet  was  placed  down-stream  and  Type  II  precur¬ 
sor  pellet(s)  was(were)  placed  upstream  next  to  a  Type  I  precursor 
pellet  in  a  quartz-tube  furnace  at  873  K  under  flowing  Ar/FI2  (v/v 
95:5)  for  12  h.  Fig.  1  is  a  schematic  diagram  of  carbon  vapor  depo¬ 
sition  method.  A  reducing  atmosphere  was  employed  during  the 
calcination  process  in  order  to  avoid  the  oxidation  of  Fe2+  cations. 
Consequently,  the  carbon-coated  surface  of  the  sintered  Type  I  pre¬ 
cursor  pellet  was  from  dual  carbon  sources:  PS  and  malonic  acid. 
Product-1,  Product-2,  or  Product-3  is  defined  as  the  above  sintering 
product  made  from  arranging  a  Type  I  precursor  pellet  next  to  one, 
two,  or  three  piece(s)  of  Type  II  precursor  pellet(s),  respectively. 
Product-0  was  the  product  that  used  only  a  primary  carbon  source. 
Pure  LiFeP04  was  prepared  directly  from  the  starting  materials  of 
precursor  without  using  any  additional  carbon  coating  source  and 
it  may  contain  trace  amounts  of  carbon  derived  from  the  starting 
materials  of  precursor. 
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Fig.  1.  A  schematic  diagram  of  carbon  vapor  deposition. 


An  X-ray  diffractometer  (XRD),  Siemens  D-5000,  Mac  Science 
MXP18,  equipped  with  a  nickel-filtered  Cu-Ka  radiation  source 
(A  =  1.5405  A)  was  used  for  structural  analysis.  The  microstructure 
and  lattice  images  of  the  coated  particles  were  observed  with  a  high 
resolution  transmission  electron  microscope  (FIRTEM,  Hitachi  HF 
2000)  equipped  with  a  LaB6  gun.  Electron  diffraction  patterns  were 
obtained  through  selected  area  electron  diffraction  (SAED).  The 
chemical  composition  of  the  separated  phases  was  determined  by 
nanobeam  energy  dispersive  spectroscopy  (EDS).  For  these  experi¬ 
ments,  samples  were  previously  dispersed  in  acetone  and  deposited 
on  a  holey  silicon  grid. 

Carbon  content  analyses  of  the  products  were  investigated  on 
a  OI A  Model  Solids  module  as  the  total  organic  carbon  (TOC)  ana¬ 
lyzer  apparatus.  Raman  spectroscopy  was  performed  on  samples 
of  powders  using  a  ISA  T64000  double  beam  pass  spectrometer 
equipped  with  a  microscope  stage  for  analyzing  small  samples  uti¬ 
lizing  180°  incident  geometry.  A  Spectra  Physics  argon-ion  laser  was 
employed  to  excite  laser  Raman  spectra  using  a  515  nm  laser  line 
at  an  incident  power  of  ca.  10  mW.  The  electronic  conductivity  of 
samples  was  measured  by  four-point  conductivity  measurements 
of  Keithley  Model  2400S  source  meter.  In  DSC  analysis,  after  the  cell 
charged  to  4.5  V  and  was  disassembled  in  the  glovebox,  the  sample 
was  removed  from  the  aluminum  current  collector  and  transferred 
to  the  sample  holder.  The  samples  were  analyzed  by  the  DSC  unit 
using  a  temperature  scan  rate  of  10  Kmin-1. 

Experimental  test  cells  for  measurements  used  the  cathode 
with  a  composition  of  85  wt.%  active  material,  10  wt.%  conductive 
carbon  black,  and  5  wt.%  poly(vinylidene  fluoride)  in  N-methyl-2- 
pyrrolidone  (NMP),  as  the  solvent  for  the  mixture,  which  was  then 
applied  onto  an  etched  aluminum  foil  current  collector  and  dried 
at  393  K  for  3  h  in  an  oven.  The  separator  used  was  a  Celgard  3501 
microporous  polypropylene  membrane.  The  electrolyte  was  1  M 
LiPF6  in  ethylene  carbonate:  diethyl  carbonate  EC:DEC  (1:1,  v/v) 
(Tomiyama  Chemicals).  A  lithium  metal  (Foote  Mineral)  anode  was 
used  in  this  study.  The  cells  were  assembled  in  a  glove  box  filled 
with  argon  gas.  The  charge/discharge  cycling  was  galvanostatically 
performed  at  a  current  of  0.2  C  with  cut-off  voltages  of  2.8  and  4.0  V 
(versus  Li/Li+)  at  298  K  in  a  multi-channel  battery  tester  (Maccor 
4000). 

Phase  transitions  occurring  during  the  cycling  processes  were 
examined  by  slow  scan  cyclic  voltammetry,  performed  with  a  Li- 
ion  coin  cell.  The  electrolyte  used  was  the  same  as  that  for  the 
coin  cell.  Cyclic  voltammograms  were  run  on  a  Solartron  1287  Elec¬ 
trochemical  Interface  at  a  scan  rate  of  0.1  mV  s-1  between  3.0  and 
4.0  V. 


3.  Results  and  discussion 

3.1.  XRD  analysis 

The  XRD  patterns  of  pure  LiFeP04,  Product-0  and  Product-2  are 
shown  in  Fig.  2.  All  diffraction  lines  were  indexed  to  an  orthorhom¬ 
bic  crystal  structure  (space  group  Pmnb,  triphylite).  However,  some 
impurity  Li3P04  peaks  (marked  with  stars)  are  observed  in  pure 
LiFeP04  as  shown  in  Fig.  2a.  From  Fig.  2b  and  c,  no  phase  impu¬ 
rities  such  as  Fe2P  phosphide  were  detected  on  the  LiFeP04/C 
samples,  which  mean  that  the  olivine  structure  was  maintained 
after  our  carbon  coating  process.  Additionally,  the  profiles  of  the 
reflection  peaks  are  quite  narrow  and  symmetric.  Thereby,  a  well- 
crystallized  product  is  obtained.  The  grain  size  (D)  was  calculated 
with  the  Scherrer  formula:  /3cos(0)  =  /<A/D,  where  /3  is  the  full- 
width-at-half-maximum  length  of  the  (0  2  0)  reflection  [41  ]  and  k  is 
a  constant  here  close  to  unity.  The  mean  value  of  D  of  pure  LiFeP04, 
Product-0  and  Product-2  were  310  A,  210  A  and  204  A,  respec- 
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Fig.  2.  X-ray  diffraction  patterns  of  (a)  pure  LiFeP04;  (b)  Product-0;  (c)  Product-2; 
(d)  JCPDS  #40-1499  LiFeP04. 

tively.  It  is  known  that  adding  carbon  restrains  particle  growth 
[42]. 

3.2.  DSC  analysis 

Since  safety  and  thermal  stability  have  become  a  necessity  for 
Li-ion  batteries,  we  studied  the  thermal  stability  of  4.5  V  charged 
cathodes  by  DSC  analysis.  Fig.  3  shows  the  DSC  results  for  different 
LiFeP04  composite  electrodes  in  the  temperature  range  330-650  K 
at  a  heating  rate  of  10  K  min-1.  For  the  pure  LiFeP04  sample,  the 
exothermic  heat  flow  was  detected  under  a  wide  temperature  range 
of 420  to  575  K,  with  total  heat  evolution  ~  109.41  J  g-1 .  The  exother¬ 
mic  heat  flow  strongly  depends  on  the  synthesis  method  and  test 
conditions,  and  various  exothermic  peaks  at  about  543  and  633  K 
with  different  values  for  the  total  heat  flow  have  been  reported 
by  various  researchers  [13,41  ].  The  total  heat  flow  value  was  about 
312J  g-1. 

For  Product-0  sample,  the  exothermic  heat  flow  was  detected 
in  the  range  of  ~420  to  550  K,  with  total  heat  flow  value  of  about 
94.5  Jg-1.  The  samples  with  secondary  carbon  vapor  have  a  lesser 
exothermic  heat  flow  range  of  ~475  to  550  K.  However,  the  total 
heat  evolution  was  very  similar.  For  the  optimized  composition 
of  Product-2,  the  total  heat  evolution  was  about  85.9Jg-1.  From 
these  thermal  data,  it  is  clear  that  exothermic  heat  flow  can  be 
reduced  further  by  carbon  vapor  deposition.  Moreover,  the  onset 
temperature  can  be  raised  from  420  to  475  K. 

When  compared  to  the  results  of  other  cathode  materials 
reported  in  the  literature,  LiFeP04  is  superior  [44],  This  exceptional 
thermal  stability  is  attributed  to  the  unique  anion  bonding  and  sta¬ 
bility  of  phosphate  materials  with  their  shorter  P-0  bond  and  more 
tightly  bound  oxygen. 

3.3.  TEM/SAED/EDS  analysis 

In  order  to  understand  the  carbon  coating  thickness  and  struc¬ 
ture  on  the  surface  of  LiFeP04  particles,  we  conducted  HRTEM 


Temperature  (K) 

Fig.  3.  DSC  profiles  of  (a)  pure  LiFeP04;  (b)  Product-0;  (c)  Product-1 ;  (d)  Product-2; 
(e)  Product-3.  Charged  to  4.5  V. 

analysis  of  LiFeP04/C  particles  in  combination  with  SAED  and  EDS. 
Fig.  4  shows  the  TEM  images  of  LiFeP04/C  composite  materials 
derived  from  Product-1,  Product-2,  and  Product-3.  Carbon  coat¬ 
ing  thickness  increased  with  the  number  of  pellets  of  the  Type  II 
precursor.  When  using  one  Type  II  pellet  as  a  secondary  carbon 
vapor  source,  Product-1  contributed  to  a  thin  film  about  2  nm  thick 
(Fig.  4a)  over  most  of  the  surface  area  and  a  thicker  layer  measur¬ 
ing  about  15  nm  (Fig.  4c)  in  certain  areas.  However,  when  using  two 
Type  II  pellets,  Product-2  displayed  a  more  uniform  film  between 
4-8  nm  (Fig.  4d-f)  around  the  particles.  Further,  when  using  three 
Type  II  pellets,  Product-3  gave  a  much  thicker  coating  layer  about 
10-25  nm  (Fig.  4g-i). 

From  SAED  analysis,  Figs.  4k,  m  and  o  show  a  hollow  ring  pat¬ 
tern  and  some  bright  spots  in  the  outer  carbon  coating  layer,  which 
suggest  that  some  amount  of  graphite-like  carbon  was  in  the  very 
disordered  carbon  structure  for  the  three  samples.  The  dark  area 
exhibits  a  bright  spot  pattern  in  the  core  that  is  typical  for  crys¬ 
talline  LiFeP04  as  displayed  in  Figs.  4j,  1  and  n.  Thus,  amorphous  and 
graphite-like  carbon  films  were  clearly  identified  on  the  outer  sur¬ 
face  of  the  particles.  Those  results  were  consistent  with  Fey’s  results 
[38].  Fey  et  al.  pointed  out  that  the  TEM  micrograph  of  LiFeP04/C 
consists  of  two  parts:  a  dark  region  and  a  grayish  region  that  sur¬ 
rounds  the  dark  region,  and  from  SAED  patterns  indicate  that  the 
materials  of  interest  were  in  a  crystalline  phase.  The  TEM/EDS 
results  unambiguously  show  that  the  particles  in  the  dark  region 
are  LiFeP04  with  a  trace  of  carbon  and  those  in  the  grayish  region 
are  carbon  only.  In  addition,  our  EDS  analysis  confirmed  that  the 
dark  area  includes  Fe,  P,  O,  and  C  components  (Fig.  4p-r). 

3.4.  Carbon  analysis 

The  actual  carbon  content  in  the  LiFeP04/C  composites  was 
measured  by  total  organic  carbon  (TOC)  analysis.  Samples  were 
pressed  into  disk-shaped  pellets  and  their  electronic  conductiv- 
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Fig.  4.  (a)-(i)  TEM  micrographs  of  various  LiFeP04/C  powders;  (j)-(o)  SAED  for  the  LiFeP04/C  particles;  (p)-(r)  EDS  analysis  for  the  LiFeP04/C  particles. 


ities  measured  by  the  four-point  dc  method.  Table  1  presents  a 
comparison  of  conductivity,  carbon  content,  carbon  coating  thick¬ 
ness,  and  discharge  capacity  for  the  bare  LiFeP04,  Product-0, 
Product-1,  Product-2,  and  Product-3.  It  is  clear  that  carbon  con¬ 
tent  also  increased  with  the  pellet  number  of  Type  II  precursor. 
All  the  LiFeP04/C  samples  exhibited  high  electronic  conductivity 
of  10-4Scm-1  at  300  K.  As  shown  in  Table  1,  the  conductivity 
increased  along  with  the  carbon  content  of  samples,  and  the  carbon 
content  was  between  1.25  and  2.54  wt.%.  The  individual  LiFeP04 
particle  was  coated  with  carbon  layer,  and  carbon  layer  provides  a 
conductive  network.  Therefore,  it  could  dramatically  increase  con¬ 
ductivity  of  the  material. 

Raman  spectroscopy  is  a  particularly  useful  tool  for  characteriz¬ 
ing  the  structure  of  the  carbon  coating  layer  on  the  particles  surface. 
Fig.  5  and  Table  2  display  the  Raman  spectra  of  the  composites  in  the 
range  of  800-1700  cm-1 .  In  all  samples,  the  spectra  had  a  relatively 
small  band  at  950  cm-1  corresponding  to  the  symmetric  P043- 
stretching  vibration  in  olivine  structure  [45].  Two  intense  broad 
bands  located  at  ~1360  and  ~1600cm-1  dominated  every  spec¬ 
trum  of  the  LiFeP04  samples.  Doeff  et  al.  [19,46]  pointed  out  that 
the  two  broad  bands  can  actually  be  deconvoluted  into  four  peaks 


at  around  1190, 1350, 1518,  and  1590  cm-1 .  The  ones  at  around  1190 
and  1518  cm-1  can  be  assigned  to  sp3-type  carbon,  while  the  oth¬ 
ers  are  the  D  (disordered)  band  (1350  cm-1 )  and  G  (graphene)  band 
(1590  cm- 1 )  of  sp2  -type  carbon.  The  JD /JG  ratio  roughly  correlates  to 
the  amount  of  the  graphene  clusters  in  the  disordered  carbon,  with 
smaller  ratios  being  associated  with  higher  electronic  conductiv¬ 
ity.  Through  deconvolution,  it  is  also  possible  to  determine  sp3/sp2 
ratios  with  smaller  ratios  correlating  to  a  more  graphitic  nature 
and  higher  conductivity,  and  further  enhance  the  electrochemical 
performance  of  LiFeP04  material. 

It  can  be  seen  in  Table  2,  the  /d//g  ratios  decreased  as  the  Type  II 
carbon  vapor  pellet  increased,  and  the  electronic  conductivity  also 
increased  (as  shown  in  Table  1).  It  is  interesting  to  note  that  the 
samples  made  with  the  secondary  carbon  sources  (malonic  acid) 
have  lower  /D//G  ratios,  suggesting  that  the  malonic  acid  modi¬ 
fies  the  structure  of  the  carbon  as  well  as  increases  the  amount  of 
graphene  clusters.  These  results  were  consistent  with  Doeff  s  sup¬ 
positions  [38].  This  effect  can  be  explained  that  some  amounts  of 
graphite-like  carbon  in  the  disordered  carbon  structure,  and  con¬ 
sequently  enhanced  electronic  conductivity  of  the  carbon  deposit. 
Improved  electronic  properties  of  the  residual  carbon  can  provide 


Table  1 

A  Comparison  of  the  conductivity,  carbon  content,  carbon  thickness,  and  discharge  capacity  of  samples. 
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Fig.  5.  Raman  spectra  of  various  LiFeP04  samples. 


better  electrode’s  performance,  this  is  confirmed  by  the  later  cell 
performance. 

3.5.  Electrochemical  properties 

The  capacity  and  cyclability  of  the  LiFeP04  electrode  was  deter¬ 
mined  between  4.0  and  2.8  V  by  galvanostatic  charge/discharge 
testing  at  a  0.2C-rate.  Fig.  6  compares  the  discharge  capacity  of 
pure  LiFeP04  with  various  LiFeP04/C  samples,  while  Fig.  7  shows 
the  charge/discharge  voltage  profiles  in  the  first  cycle  for  various 
LiFeP04  electrodes.  The  voltage  difference  between  the  flat  charge 
and  discharge  plateaus  (AV)  in  Fig.  7  is  related  to  the  polarization 
of  the  cell  system.  The  smaller  the  A  V,  the  less  the  polarization. 

For  the  pure  LiFeP04  sample,  the  first  discharge  capacity  was 
only  104mAhg_1  due  to  low  electronic  conductivity  (see  Table  1, 
5.88  x  10-8  Scm-1)  and  large  AV  of  0.32  V.  When  there  was  only 
one  primary  carbon  source,  Product-0  displayed  a  maximum  dis¬ 
charge  capacity  of  137  mAh  g-1 .  When  one  type  II  pellet  was  used  as 

Table  2 

Raman  spectra  peak  intensity  and  /D//G  ratio  of  samples. 


Cycle  Number 

Fig.  6.  Discharge  capacity  versus  cycle  number  for  various  LiFeP04  electrodes. 
Charge/discharge:  4.0/2.8  V;  0.2  C-rate. 

a  carbon  vapor  source,  Product-1  demonstrated  a  maximum  capac¬ 
ity  of  141  mAh  g-1 .  With  two  Type  II  pellets,  Product-2  displayed  the 
best  electrochemical  performance  with  a  first  discharge  capacity 
of  148mAhg_1  and  the  smallest  AV  of  0.19  V  in  Fig.  7.  The  dis¬ 
charge  capacity  of  Product-2  gradually  increased  with  cycling  and 
reached  the  highest  level  at  151  mAhg-1  after  7  cycles,  due  to  the 
suitable  carbon  content  which  formed  a  thin  and  uniform  carbon 
conductive  film  over  the  whole  particle  surface  (as  shown  from 
TEM  images  in  Figs.  4  d  and  f),  which  improved  the  conductivity 
(7.11  x  10-4Scm-1)  and  contact  between  the  electrolyte  and  the 
active  phase.  As  a  result,  Product-2  provided  the  best  cycle  life  of 
about  400  cycles  in  this  study. 

Flowever,  using  three  Type  II  pellets  caused  the  discharge  capac¬ 
ity  to  drop  to  143  mAh  g-1  for  the  Product-3  electrode  because 
of  high  carbon  content  (2.54  wt.%),  thicker  carbon  coating  layer 
(~10-25  nm)  and  large  A  V  of  about  0.36  V.  Furthermore,  when  the 
carbon  content  was  increased,  the  inactive  carbon  reduced  the  ratio 
of  the  active  material,  leading  to  a  decrease  in  capacity.  In  addition, 
the  carbon  coating  network  is  an  intrinsically  inert  material  for  Li+ 
storage,  hindering  Li+  diffusion  and  resulting  in  a  decrease  in  dis¬ 
charge  capacity.  Above  all,  the  large  A  V  value  of  0.36  V  exemplified 
the  short  cycle  life  of  less  than  200  cycles  for  the  Product-3  elec¬ 
trode.  Therefore,  the  above  results  are  evident  that  electrochemical 
properties  of  LiFeP04  are  correlated  to  the  amount  of  carbon  and 
its  coating  thickness  and  uniformity. 


Fig.  7.  Initial  charge  and  discharge  curves  for  various  LiFeP04  electrodes,  (a)-(e): 
discharge;  (a')-(e'):  charge. 
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V  (vs.  Li/Li+) 

Fig.  8.  Cyclic  voltammograms  of  LiFeP04  electrodes  between  3.0  and  4.2  V  at  the 
scanning  rate  of  0.1  mV  s-1 . 

As  shown  in  Fig.  7,  the  voltage  difference  between  the  flat  charge 
and  discharge  plateaus  ( A  V)  is  related  to  the  polarization  of  the  cell 
system,  and  the  voltage  difference  (AV7)  between  the  anodic  and 
cathodic  peaks  of  the  same  cycle  is  correlated  to  the  polarization  or 
reversibility  of  the  redox  reaction:  the  smaller  the  AV',  the  lower 


the  polarization  or  the  greater  the  reversibility.  In  turn,  this  leads 
to  greater  cycle  stability.  Since  passivation  occurs  when  the  redox 
reaction  proceeds,  it  usually  increases  or  is  barely  changed  with  the 
reaction.  For  simplicity,  we  always  compare  the  initial  A  V  value  as 
a  standard  to  estimate  the  passivation  or  polarization  levels.  Fig.  8 
shows  the  cyclic  voltammograms  of  the  LiFeP04/C  composite  elec¬ 
trodes  measured  between  3.0  and  4.2  V  to  characterize  the  redox 
reactions,  in  which  the  voltage  difference  ( A  V")  between  the  anodic 
and  cathodic  peaks  can  be  easily  measured.  Fig.  8b  clearly  demon¬ 
strates  that  the  Product-2  electrode  exhibited  the  smallest  AV'  of 
0.21  V  among  the  three  samples  at  beginning,  indicating  low  polar¬ 
ization  and  high  reversibility,  as  evidenced  by  a  long  cycle  life  of 
400  cycles  shown  in  Fig.  6.  On  the  contrary,  Fig.  8a  and  c  display 
large  A  Vs  about  0.32  and  0.45  V  for  the  Product-1  and  Product-3 
electrodes,  respectively.  This  indicates  that  extra  amounts  of  car¬ 
bon  coating  adversely  affected  the  polarization  and  cycle  life  of  the 
cell,  resulting  in  a  cycle  life  of  about  300  cycles  and  200  cycles  for 
Product- 1  and  Product-3,  respectively. 

It  can  be  seen  from  Fig.  8b  that  Product-2  exhibits  much  sharper 
current  peaks  with  little  change  in  current  intensity  and  deliv¬ 
ers  higher  capacity  (154  mAhg-1 )  with  lower  voltage  polarization 
about  0.21  V  than  Product-1  and  Product-3,  indicating  that  the 
composite  has  an  improved  electrochemical  kinetics  and  proper 
passivation  layer  due  to  more  uniform  carbon  coating  film.  In  prac¬ 
tice,  the  current  intensity  in  cyclic  voltammograms  is  related  to  the 
passivation  level  of  the  electrode  surface:  the  higher  the  current 
intensity,  the  lower  the  passivation  level  or  the  higher  the  reactivity. 
For  Product-2,  little  change  in  current  intensity  observed  after  10 
cycles  reveals  that  the  uniform  carbon  coating  film  of  4-8  nm  in  this 
study  provided  a  proper  passivation  layer  for  the  redox  reaction. 

The  CV  peak  currents,  Jp,  during  anodic  scans  were  used  to  eval¬ 
uate  the  Li+  diffusion  coefficient  D,  applying  the  Randles  Sevcik 
equation: 

Ip  =  2.69  x  Wsn3i/2AD,/2v,//2C 

where  A  is  the  electrode  area  (cm2),  n  is  the  number  of  electrons 
involved  in  the  redox  process  (1  in  our  case),  C  is  the  shuttle 
concentration  (mol cm-3),  v  is  the  potential  scan  rate  (Vs-1),  Jp 
is  in  units  of  amperes,  and  D  is  in  units  of  cm2  s-1.  Using  the 
above  equation,  the  Li+  diffusion  coefficients  of  Product-1,  Product- 
2  and  Product-3  were  calculated  as  9.20  x  10-12,  4.56  x  10-12  and 
5.91  x  10-13  cm2s-1,  respectively.  Thus,  the  LiFeP04/C  composite 
with  a  higher  carbon  coating  layer  exhibited  slower  lithium  ion 
diffusion  due  to  the  thick  carbon  layer  resulting  in  an  increase  of 
polarization. 

4.  Conclusion 

Using  a  carbon  vapor  deposition  technique,  we  have  shown  that 
the  amount  of  carbon  and  its  coating  thickness  and  uniformity 
in  LiFeP04/C  materials  are  all  crucial  parameter  in  determining 
the  electrochemical  performance.  LiFeP04  coated  with  a  thin  and 
uniform  carbon  film  can  deliver  maximum  discharge  capacity  of 
151  mAh  g-1  at  a  0.2C-rate  and  sustain  415  cycles  at  80%  of  capacity 
retention.  In  order  to  minimize  the  polarization,  a  carbon  coating 
layer  must  be  uniformly  distributed  around  each  active  parti¬ 
cle,  because  the  lower  polarization  leads  to  a  higher  reversible 
capacity. 
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